Abstract: Deamidation of asparaginyl residues is a common posttranslational modification in proteins and has been studied extensively because of its important biological effects, such as those on enzymatic activity, protein folding, and proteolytic degradation. However, characterization of the sites of deamidation of a protein has been a difficult analytical problem. In this study, mass spectrometry has been used as an analytical tool to characterize the deamidation of barstar, an RNAse inhibitor. Upon incubation of the protein at alkaline pH for 5 h, intact mass analysis of barstar, using electrospray ionization quadrupole time-of-flight mass spectrometry (ESI QToF MS), indicated an increase in the mass of 12 Da, suggesting possible deamidation of the protein. The sites of deamidation have been identified using the conventional bottom-up approach using a capillary liquid chromatography connected on line to an ESI QToF mass spectrometer and top down approach by direct infusion of the intact protein and fragmenting inside MS. These chemical modifications are shown to lead to stabilization of an unfolding intermediate, which can be observed in equilibrium unfolding studies.
Introduction
Proteins are the work horses in all the living systems. A protein needs to fold into a specific tertiary structure to perform its cellular functions. The primary amino acid sequence of a protein codes for its functional three-dimensional structure, [1] [2] [3] [4] [5] but the mechanism of this transfer of information from one dimension to three dimension is poorly understood. 3, 4, 6, 7 In particular, the role of intermediate states during protein folding and unfolding reactions is open to vigorous debate. 8, 9 It has been postulated, 10, 11 and has also been experimentally shown for many proteins, [12] [13] [14] 16 or by mutagenesis of the protein sequence [17] [18] [19] or by using a more sensitive detection method to probe the folding reaction. [20] [21] [22] Identifying and populating intermediate states during folding and unfolding, 23 as well as subsequent characterization of their kinetic role, 24 remain a major goal in protein folding studies. Deamidation of glutamyl and asparaginyl residues is an important nonenzymatic post-translational modification of proteins and peptides. It plays a significant role in various biological processes in vivo. Deamidation of b-crystallins can disrupt normal protein-protein interaction and could lead to cataract formation in eyes. 25 It may also affect the immune recognition of proteins and peptides. 26 It has been documented that T cells specifically recognize peptides in which asparagine residues have been deamidated to aspartic acid. 27 It has also been suggested that in vivo deamidation of proteins could serve as a molecular timer of many important biological events, 28, 29 such as aging. [30] [31] [32] Deamidation of proteins has also been studied extensively in vitro because of its effect on the activities of enzymes, [33] [34] [35] [36] proteolytic degradation, 37, 38 and degradation of protein pharmaceuticals such as immunoglobulin gamma antibodies. 39 The effect of deamidation on the folding reaction of proteins has also been studied in a few cases. 40, 41 However, progress in this area has been hampered because the identification and the characterization of the sites of deamidation in a protein has been a difficult analytical problem. 42 Mass spectrometry (MS) can serve as a very good technique to identify and characterize the sites of deamidation in a protein. Modern mass spectrometers can accurately and precisely measure a mass change of þ1 Da, which occur as a result of the ANH 2 ! AOH chemical modification that occurs during a deamidation reaction. [42] [43] [44] In this work, we have used the power of electrospray ionization quadrupole time-of-flight mass spectrometry (ESI QToF MS) to identify and characterize the sites of deamidation in a small protein barstar ( Fig. 1 ) using multiple approaches-bottom-up and top-down sequencing. The effect of deamidation on the folding landscape of barstar has also been investigated. Barstar is a bacterial protein, and its folding and unfolding reactions have been widely studied. [45] [46] [47] [48] No equilibrium intermediates are detected when the folding reaction is measured by probes of global structural change. 17, 49 However, the use of high-resolution probes 50 to study its equilibrium unfolding and the effect of a single-site mutation in the protein sequence on its folding 17 have suggested that highenergy intermediate forms might be present at equilibrium during unfolding.
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In this work, we have characterized the deamidation reaction of barstar, which occurs when the protein is incubated at high alkaline pH for few hours, using MS. It is observed that the protein gets deamidated at two out of nine possible deamidation sites. Biophysical characterization of the deamidated protein at pH 8.0 indicates that multiple deamidation reactions do not change the global structure of the protein. Equilibrium unfolding studies on the deamidated protein suggest that deamidation of the protein chain leads to the stabilization of at least one equilibrium intermediate during its unfolding.
Results
The average mass of barstar increases by 2 Da upon incubation at pH 12.5 for 5 h Figure 2 shows the ESI MS of barstar incubated at pH 12.5 for 0, 2, and 5 h. The observed average mass of WT barstar is 10342.66 Da when the protein was directly infused into ESI QTOF MS [ Fig. 2(a) ]. The average mass of the protein shifts by þ1 Da (10343.62) after 2 h of incubation and by þ2 Da (10344.42 Da) after 5 h of incubation at pH 12.5 [ Fig. 2(a) ]. Figure 2(b) shows the change in the isotopic pattern of eighth charge state of barstar, indicating mass shift upon incubation of the protein at pH 12.5 for 2 and 5 h. Additional change in mass was not observed upon prolonged incubation at pH 12.5 longer than 5 h. The 2 Da increase in the mass of the protein suggests that some chemical modification has occurred in the protein. The observation that the mass increases in steps of 1 Da suggests that this modification could be deamidation of the protein chain (http://www.abrf.org). Apart from the mass of the protein, a noncovalent dimer of the protein is also observed. This indicates that the noncovalent interactions were preserved under the conditions (high concentration of the protein) used, as was observed in an earlier study. 51 
ESI MS analysis of tryptic digest of barstar identifies the modified peptides
To establish that the observed chemical modification is the deamidation of the protein and to find out its site-specific location in the protein chain, the potential sites of deamidation of barstar were determined. The amino acid sequence of barstar, as given in Scheme 1, indicates that there are nine possible sites (three asparagine and six glutamine residues). To identify the possible deamidation sites, barstar was first incubated for different times at pH 12.5 and then reduced, alkylated, and digested with trypsin in a bottom-up approach and injected into the CapLC ESI-MS. Figure 3 Out of the 10 peptides generated (0 missed cleavages), four peptides (T1, T2, T5, and T9) ranged below 500 m/z. Two peptides (T9 and T10) did not have the potential deamidation site and one large peptide T6 (1929.69 m/z, 2 þ ), which has a potential deamidation site, was not observed. In addition to these peptides, peptides generated due to missed cleavages were also observed.
Out of the four peptides T3, T4, T7, and T8, each of which contains a possible site of deamidation, only T3 and T8 showed an increase in mass of 1 Da each upon incubation at pH 12.5 for 5 h. shown ranging from 350 to 1800 m/z.* indicates the peptide T3 and T8 (see Table I ). Changes in the isotopic peak distribution of peptides undergoing chemical modification upon incubation at pH 12.5 for various time points. (b) MS of a doubly charged modified peptide (peptide T3) with a mass of 500.27 m/z. After 2 h of incubation, the monoisotopic peak intensity is reduced and after 5 h of incubation, the monoisotopic peak has shifted to 500.74 m/z. 
Sequencing of the peptides reveals the sites of deamidation
To obtain the sequence of peptide T3 and peptide T8, tandem mass spectrometry (MS/MS) experiments were performed. Biophysical characterization of the deamidated protein Figure 7 compares the tertiary and secondary structures of WT and deamidated barstar. Barstar has three tryptophan residues, and changes in the fluorescence of tryptophan residues have been shown to be a sensitive indicator of the changes in hydrophobic packing and tertiary structure of the protein. 17, 53, 54 Figure 7(a) shows the fluorescence emission spectra of the native (N) and unfolded (U) states of the WT and deamidated barstar. The emission maximum for both WT and deamidated barstar in the N state is at 334 nm. The U state of both the WT and deamidated proteins exhibits a large red shift with maximum emission occurring at 356 nm, which indicates that all of the tryptophan residues are fully exposed. The overlapping fluorescence emission spectra indicate that WT and deamidated barstar have the same tertiary structure. The far-UV circular dichroism (CD) signal of a protein is a sensitive measure of its optically active secondary structure. 55 Àl in the U state. These results suggest that the far-UV CD spectra of WT and deamidated barstar are the same (within the error of the measurements) and that the secondary structure of barstar is not perturbed upon deamidation. Deamidated barstar also retains the functional activity of WT barstar, that is, inhibition of the bacterial ribonuclease, barnase (data not shown). The results presented above indicate that deamidated barstar fully recovers the tertiary and secondary structures and function of WT barstar, when brought back under native conditions. This is an important finding as for many proteins, including horse heart cytochrome c and bA3-crystallin, deamidation alters the biological activity and structure. 25, 30, 33, 56 Deamidation stabilizes an equilibrium intermediate during unfolding of barstar
To understand the effect of deamidation on the folding of barstar, equilibrium unfolding studies were carried out using fluorescence and far-UV CD as the probes. Figure 8 shows the equilibrium unfolding transitions of WT and deamidated barstar as monitored by changes in tryptophan fluorescence (a probe for changes in tertiary structure) and far-UV CD (a probe for hydrogen-bonded secondary structure). Figure 8(a) shows that both the tertiary structure and secondary structure of WT barstar are half unfolded at 3.44 6 0.02M of urea. The observation that dissolution of both the secondary and the tertiary structures occur together indicates that WT barstar unfolds in an N … U two-state manner. Figure  8 (b) shows that the tertiary structure of deamidated barstar is half unfolded at 2.51M of urea and the secondary structure is half unfolded at 3.12M of urea. The unfolding transitions of deamidated barstar, like those of WT barstar, are found to be completely reversible. The observation that the midpoints of the unfolding transitions of deamidated barstar are different when determined using different optical probes suggests that the unfolding of deamidated barstar does not follow a two-state N … U model. The observation that deamidated barstar loses tertiary structure before the loss of secondary structure during its unfolding transition indicates that at least one equilibrium intermediate, with disrupted tertiary structure but intact secondary structure, is populated during its unfolding.
Discussion
Barstar gets deamidated at only two sites (N7 and N66) out of nine possible sites of deamidation (Scheme 1). The different factors that influence the deamidation reaction in proteins are the solvent accessibility of the asparagine, glutamine, and surrounding amino acid residues, the local amino acid sequence, and exposure to alkaline pH. Asparagine residues have been shown to be more prone to deamidation than glutamine residues, 58 as also observed in this study. Apart from the solvent accessibility, asparagine deamidation is also affected by the secondary and tertiary structures of the protein.
In the case of ribonuclease A, although asparagine 67 residue is exposed to the solvent, a local b-turn conformation results in a structural constraint that appeared to protect the asparagine residue from deamidation. 59 In a study aimed at understanding the effect of the a-helical secondary structure on the deamidation of asparagine residues, deamidation was seen to occur only in nonhelical populations. 60 The solvent accessibilities of all the asparagine and glutamine residues in barstar, as predicted from its NMR structure, 61 are tabulated in Table II. There are three N residues in barstar, N7, N34, and N66. N66 is maximally exposed to solvent and is located in an unstructured loop connecting the third and the fourth helix in the protein, and not surprisingly it is one of the sites that get deamidated when the protein is kept at alkaline pH for a few hours. Of the three asparagine residues, N7 is least exposed to solvent ($30%) and is located in a partially structured region of the protein (at the end of the first b-strand). However, it gets deamidated in preference to N34, which is $50% exposed to solvent and is positioned in an unstructured loop connecting the first and the second helix. Clearly, factors other than solvent accessibility and the conformation of the protein play a role in the deamidation reactions of barstar. It is interesting to note that the residue immediately C terminal to both the deamidation sites (N7 and N66) in barstar is glycine. In the deamidation reaction of asparagine residues in proteins, the nitrogen atom of the backbone amide of the residue immediately C terminal to the asparagine attacks the nucleophilic carbonyl of the asparagine side chain. 39, 58 A cyclic succinimide intermediate is produced, which is hydrolyzed to a mixture of aspartate and isoaspartate residues, having the same mass. The formation of cyclic succinimide by the attack of the backbone amide is the rate-limiting step for the deamidation reaction and is influenced by steric effects. Its formation is favored if the side chain of the residue C terminal to the asparagine residue is small in size. 32, 58 Glycine, having the smallest side chain, offers the least steric hindrance. Hence, barstar gets deamidated preferentially at those asparagine sites whose immediate C-terminal residue is glycine. Deamidated residues are shown in bold letters.
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For both the peptides T3 (containing N7) and T8 (containing N66), the monoisotopic peak intensities are reduced by similar amounts after 2 h of incubation at pH 12.5 [ Fig. 3(b,c) ]. This observation suggests that the rates of deamidation at both the sites, N7 and N66, may be similar. Hence, it was not possible to determine whether one or both of the deamidation reactions are responsible for the stabilization of the intermediate. Work is in progress in the laboratory to prepare mutant proteins with single and double Asn ! Asp mutations, using site-directed mutagenesis. Equilibrium unfolding experiments on these mutant proteins are expected to resolve this issue in future.
During the deamidation reaction, neutral amide groups of both the asparagine residues get modified to aspartic acid residues, which must be present as negatively charged aspartate residues at pH 8.0. This increase in negative charge on the protein may increase the electrostatic repulsion between the negatively charged residues resulting in tertiary structure disruption preceding secondary structure disruption. Changes in the electrostatics of the protein chain by changes in the pH of the solvent have been shown to stabilize folding intermediates and to cause a switch from apparent two-state folding to threestate folding in the case of many proteins, including protein G, 62 immunity proteins, 63 hisactophilin, 64 and thioredoxin. 16 The slope of equilibrium unfolding transition (equilibrium m-value) for the deamidated barstar is 0.88 kcal mol À1 M À1 (CD) and 0.85 kcal mol À1 M
À1
(fluorescence) and for the WT barstar is 1.15 kcal mol À1 M À1 , respectively (Fig. 8) . This result suggests that the stabilization of the equilibrium intermediate decreases the slope of equilibrium unfolding transition for the deamidated barstar. Deamidation of asparagine has been reported to give a mixture of aspartic and isoaspartic acid. 35, 39, 43, 58 It is possible that a minor fraction of barstar forms isoaspartic acid, in addition to aspartic acid, upon deamidation, and this heterogeneity in population is responsible for some of the broadness of the equilibrium unfolding transition [ Fig. 8(b) ]. It is unlikely, however, that a major fraction of barstar forms isoaspartic acid because of the following reasons: (i) deamidation of asparagine to isoaspartic acid results in a serious perturbation to the protein backbone and the secondary structure of the protein is compromised. 35, 39 Deamidated barstar, however, has the same secondary structure as the WT barstar as measured using far-UV CD [ Fig. 7(b) ] and also retains the functional activity of the protein (see above).
(ii) Peptides with isoaspartyl residues are reported to elute earlier than with aspartyl residues in reversed-phase chromatography. 65 The extracted ion chromatogram of the peptide T3 and T8 of barstar containing N7 and N66, respectively, resulted, however, in only one peak indicating only one form of deamidated asparagine (data not shown Deamidation is a common covalent modification that may occur in proteins during storage in solution. In this study, it was observed that deamidation of the protein sequence at two residues alters the equilibrium unfolding mechanism of barstar from two state to apparently three state. Therefore, it is critical to identify deamidation in proteins used for folding studies.
Materials and Methods
All the solvents were of HPLC grade (Spectrochem). Glufibrinopeptide (SIGMA) was used as the calibrant. Chemicals [dithiothreitol (DTT), iodoacetamide (IAA), trypsin, formic acid (FA), sodium tetraborate, EDTA, and Tris] were from SIGMA. Water was purified using a MilliQ filtration system.
Protein purification
Wild-type (WT) barstar was purified as described previously. 53 Protein purity was checked by MS, using a QToF Ultima API mass spectrometer (Waters Corporation, Milford, MA), coupled with an ESI source. The mass determined for WT barstar was 10342.66 Da, which indicates that the N-terminal methionine residue remained uncleaved during the expression of this protein in Escherichia coli strain MM294. The concentration of the protein was determined by measuring the absorbance at 280 nm, using an extinction coefficient of 23,000 M À1 cm À1 .
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Sample preparation
Ten milligrams of barstar was dissolved in 1.0 mL of native buffer (50 mM Tris, 1.0 mM EDTA, and 1.0 mM DTT) at pH 8.0. The protein in the native buffer was diluted 10-fold in a high pH buffer containing 50 mM sodium tetraborate, 1.0 mM EDTA, and 1.0 mM DTT at pH 12.5 to facilitate the deamidation reaction. At different times of incubation of the protein (0, 2, and 5 h) in pH 12.5 buffer, 100 lL of the deamidated protein solution was diluted to 1.0 mL in the native buffer at pH 8.0 to quench the deamidation reaction. The resultant solution was desalted using a Sephadex G-25 high-trap desalting column on an AKTA-chromatography system and was analyzed by MS.
Mass spectrometry
MS experiments were carried out using ESI QToF Ultima (Waters Corporation, Milford, MA) using Zspray ionization. The instrument is calibrated with MS/MS of GFP in the mass range 50-2000 m/z. The instrument was set at a resolution of 10,000 (full width at half maximum, FWHM) for all experiments and at 20,000 (FWHM) to study the changes in the isotopic pattern of [Mþ8H] 8þ of barstar due to deamidation. The optimum QToF parameters used to obtain the intact mass data were as follows: capillary voltage 3.5 kV, cone voltage 70 V, source temperature 80 C, desolvation temperature 200 C, and collision energy (CE) 10eV. Data were acquired for 3 min with a scan time of 1.0 s and interscan delay of 0.1 s. The intact mass spectra shown are raw data with minimal smoothening. The spectra were deconvoluted to the zero charge state using Max Ent 1, a deconvolution software available within MassLynx 4.0.
For top down sequencing, intact protein was directly infused into MS at a concentration of 5 pmol lL À1 . The most intense charge state of the protein,
[Mþ8H] 8þ , was selected in the first quadrupole and fragmented in the collision cell with a CE of 30-40 eV, whereas the source parameters were the same as mentioned above. Argon gas was used in the collision cell to obtain MS/MS data. MS/MS spectra thus obtained were processed using Max Ent 3, a deconvolution software for peptides (Ensemble 1, Iterations 50, auto peak width determination) within MassLynx 4.0. The deconvoluted spectra were then imported into Mass Seq (MassLynx's denovo sequencing tool) to obtain a sequence tag. Manual deconvolutions were done to recheck the analysis.
CapLC ESI QToF MS
Deamidated barstar at different time points (0, 2, and 5 h) was reduced with DTT, alkylated with IAA, and digested overnight with trypsin at 37 C according to the protocol of Kinter and Sherman. 69 The C, and CE 10 eV. Data-dependent analysis method was used to acquire the data, which gave MS and MS/MS of two peptides in a single run. For MS/MS data, the CE default profile was set, which was based on the charge state and mass of the peptides.
CapLC ESIMS data were minimally smoothened and no further processing was performed. The MS/ MS spectra were deconvoluted using Max Ent 3 (Ensemble 1, iterations 50, auto peak width determination), an application manager within MassLynx 4.0. The deconvoluted spectra were submitted to Mass Seq (MassLynx's denovo sequencing tool) to obtain a sequence tag. The sequence tag thus obtained was compared with the theoretical sequence of barstar (Scheme 1).
Fluorescence and far-UV CD spectrum
The fluorescence spectra were collected on a Spex Fluoromax 3 spectrofluorometer. The excitation wavelength was set to 295 nm. Emission spectra were recorded in a cuvette of 1.0 cm path length, with excitation slit width set at 0.5 nm and emission slit width set at 10 nm. The protein concentration used was $5 lM. All the spectra were recorded at pH 8.0 and at 25 C. The far-UV CD spectra were collected on a Jasco J 720 spectropolarimeter. Secondary structure was monitored in the wavelength range of 200-250 nm using a cuvette cell of 0.1 cm path length. A spectral bandwidth of 2 nm and a time constant of 1.0 s were used, and each spectrum was recorded as an average of 20 scans. The protein concentration used was $20 lM. All the spectra were recorded at pH 8.0 and at 25 C.
Equilibrium unfolding experiments
Equilibrium unfolding of the WT and the deamidated barstar was monitored using fluorescence and far-UV CD. The protein was incubated at different concentrations of urea ranging from 0 to 8.0M for 6 h, and the equilibrium fluorescence signals were measured on the Spex Fluoromax 3 spectrofluoro-meter in a cuvette of 1.0 cm path length. Sample excitation was carried out at 295 nm with the excitation slit width set at 0.5 nm, and emission was monitored at 320 nm with the emission slit width set at 10 nm. Equilibrium far UV-CD signals were monitored for the same samples, which were used for fluorescence experiments, on the Jasco J 720 spectropolarimeter in a cuvette of 1.0 cm path length. The protein concentration used was $10 lM. All the experiments were performed at pH 8.0 and at 25 C. Equilibrium unfolding transitions monitored by either fluorescence or CD were analyzed according to a two-state, N … U model. 57 The purpose of carrying out two-state analysis of the deamidated protein is only to show that the fluorescence and CD-monitored transitions are not coincident, on the basis of the C m values determined from two-state analysis.
For a proper analysis of the equilibrium unfolding data for the deamidated protein, three-state analysis as described earlier 17 would have to be carried out.
This has not been done because the purpose of this study is merely to demonstrate that equilibrium intermediate is populated upon deamidation and not to determine the energetics of unfolding of the deamidated protein.
